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abstract
Archaeal and bacterial glycerol dialkyl glycerol tetraether lipids (GDGTs) are used in various proxies, such as TEX86 and 
the BIT index. In living cells, GDGTs contain polar head groups (intact polar lipids – IPLs). IPL GDGTs have also been 
detected in ancient marine sediments and it is unclear whether or not they are fossil entities or are part of  living cells. In 
order to determine the extent of  degradation of  IPL GDGTs over geological timescales, we analyzed turbidite deposits, 
which had been partly reoxidized for several kyr after deposition on the Madeira Abyssal Plain. Analysis of  core lipid (CL) 
and IPL-derived GDGTs showed a reduction in concentration by two orders of  magnitude upon post-depositional oxida-
tion, while IPL GDGTs with a mono- or dihexose head group decreased by 2-3 orders of  magnitude. The BIT index for 
CL- and IPL-derived GDGTs increased substantially upon oxidation from 0.1 to up to 0.5. Together with changing MBT/
CBT values, this indicates preferential preservation of  soil-derived branched GDGTs over marine isoprenoid GDGTs, 
combined with in situ production of  branched GDGTs in the sediment. The TEX86 value for IPL-derived GDGTs de-
creased by 0.07 upon oxidation, while that of  CL GDGTs showed no significant change. Isolation of  IPLs revealed that 
the TEX86 value of  monohexose GDGTs was 0.55, while the TEX86 value for dihexose GDGTs was substantially higher, 
0.70. Thus, the decrease in TEX86 for IPL-derived GDGTs was in agreement with the dominance of  monohexose GDGTs 
in the oxidized turbidite, probably caused by a combination of  in situ production as well as selective preservation of  ter-
restrial isoprenoid GDGTs. Due to the low amount of  IPL GDGTs vs. CL GDGTs, the impact of  IPL degradation on 
CL-based TEX86 paleotemperature estimates is negligible. 
Keywords: Intact polar lipids; IPL GDGTs; TEX86; BIT-index; Turbidite; Oxidation; IPL-degradation; Thaumarchaeota; 
Sedimentary Archaea; Sedimentary in situ-production
1. IntroductIon
TEX86 (tetraether index of  tetraethers consisting of  86 carbons) 
and BIT (branched and isoprenoid tetraether) index are proxies 
based on archaeal and bacterial glycerol dialkyl glycerol tetraether 
lipids (GDGTs). The BIT index is based on the relative amounts 
of  the abundant, mainly marine, isoprenoid GDGT crenarchaeol 
(Fig. 1a) and branched GDGTs (brGDGTs), which are produced 
mainly in terrestrial environments (Fig. 1b). It is, therefore, used 
to quantify the relative amount of  soil contribution to the organic 
matter (OM) in marine sediments (Hopmans et al., 2004). Prox-
ies based on brGDGTs are the CBT index, based on the rela-
tive amount of  cyclopentane moieties in brGDGTs, which cor-
relates with pH, and the MBT/CBT proxy, based on the degree of  
methylation and cyclization of  brGDGTs, which correlates with 
mean annual air temperatures (MAT; Weijers et al., 2007; Peterse 
et al., 2012). The lipids used for TEX86 are isoprenoid GDGTs 
(iGDGTs) containing different amounts of  cyclopentane or cy-
clohexane moieties (Fig. 1a) and which are produced in marine en-
vironments by archaea, in particular the Thaumarchaeota, former-
ly classified as Marine Group I Crenarchaeota (Brochier-Armanet 
et al., 2008; Spang et al., 2010). TEX86 from marine suspended 
matter and surface sediments has shown to be strongly related 
to sea surface temperature (Schouten et al., 2002; Wuchter et al., 
2005; Wuchter et al., 2006a). TEX86 has been calibrated globally 
in order to enable quantification of  past sea surface temperature 
(SST; Kim et al., 2008; Kim et al., 2010). 
In living archaea, iGDGTs occur with polar head groups, such 
as hexoses and phosphate groups, bound to the hydroxyl group 
at the sn-3 position of  the glycerol moiety by glycosidic or ester 
bonds, respectively (Fig. 1c; e.g. Koga and Morii, 2005; Schouten 
et al., 2008; Albers and Meyer, 2011). Upon cell death, most of  
these intact polar lipids (IPLs) are transformed into core lipids 
(CLs) via hydrolysis of  the polar head groups (White et al., 1979). 
This supposedly rapid loss of  functional groups resulted in their 
use as suitable markers for living cells, in contrast to the core lip-
ids, which can be preserved over geological timescales of  millions 
of  years (e.g., Kuypers et al., 2001; Jenkyns et al., 2012). 
Considerable amounts of  IPL GDGTs (10 – 10 000 ng g-1 sedi-
ment) were found in shallow to deeply buried marine sediments 
[0.7 to 121 m below sea floor (mbsf)], which suggests the pres-
ence of  a large number of  living archaeal cells (Biddle et al., 2006; 
Lipp et al., 2008; Lipp and Hinrichs, 2009). However, the degrada-
tion rate of  certain IPL GDGTs might  potentially be lower than 
that of  bacterial phospholipids resulting in preservation of  IPL 
GDGTs over geological time (Harvey et al., 1986; Schouten et 
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al., 2010; Logemann et al., 2011; Lengger et al., 2012b). Indeed, 
Lengger et al. (2012b) found evidence for substantial degradation 
of  the hexose, phosphohexose (HPH) crenarchaeol (for struc-
tures see Fig. 1c) within 1-2 kyr but not for monohexose (MH) 
and dihexose (DH) crenarchaeol. The reason for this may be that 
the phosphoester bond is less stable than the glycosidic bond. As 
most IPL GDGTs found in deeply buried sediments are com-
prised of  glycolipids rather than phospholipids, it is possible that 
these lipids are simply preserved more efficiently. Furthermore, 
degradation experiments of  Logemann et al. (2011) showed that 
archaeal IPL GDGTs were barely degraded in sediments over a 
time period of  100 days, in contrast to bacterial and eukaryotic 
ester lipids that decayed within weeks. Finally, recent experiments 
conducted by Xie et al. (2013) over slightly longer timescales (300 
d) also suggest low degradation rates for glycosidic ether lipids. It 
is, however, not clear how degradation rates of  IPL GDGTs differ 
from each other and what the impact is of  oxygen exposure time, 
especially over geological time scales. 
The degradation of  CL GDGTs has been investigated in more de-
tail focusing on comparing anoxic and oxic depositional settings. 
Sediments deposited under anoxic and oxic conditions were com-
pared using sediment cores of  the Arabian Sea, which indicated 
concentration differences of  the GDGTs (Sinninghe Damsté et al., 
2002). Although the GDGTs distributions change between these 
anoxic and oxic sediments, the GDGT concentrations and TEX86 
values remain unaffected (Schouten et al., 2004). This study was 
supported by data by Kim et al. (2009), who showed that TEX86 
values remained unaffected after organic-rich sediments, depos-
ited under anoxic conditions, were exposed for 1 yr to oxygenated 
water. However, turbidite deposits of  the Madeira Abyssal Plain 
(MAP) that cover the last 140 kyr indicated a substantial effect of  
10 kyr lasting post-depositional oxidation on GDGT concentra-
tions (Huguet et al., 2008; 2009). The sedimentary sequence of  the 
MAP is characterized by massive distal turbidite deposits (Buckley 
and Cranston, 1988). These deposits comprise organic-rich sedi-
ments deposited in an oxygen minimum zone at the shelf, and are 
completely mixed by turbiditic transport before deposition at the 
oxygenated MAP. These mixed and organic–rich sediments are 
oxidized by an oxidation front that moves slowly downward after 
deposition, referred to as the process of  diagenetic burn-down 
(De Lange, 1992). This process of  oxidation causes a decrease in 
lipid concentrations that can reach up to two orders of  magnitude 
(Cowie et al., 1995; Prahl et al., 1997; Cowie et al., 1998; Hoefs 
et al., 2002). The substantial decrease in the concentration of  all 
GDGTs across similar oxidation fronts of  the MAP as reported 
by Huguet et al. (2008) occurred in combination with preferential 
degradation of  iGDGT over brGDGT molecules. Consequently, 
this preferential degradation resulted in a substantial increase of  
the BIT index across these fronts.  The preferential preservation 
of  brGDGTs was attributed to the difference in matrix protec-
tion or to the lower initial reactivity of  soil OM that had been 
transported over longer distances before deposition (Middelburg, 
1989; Huguet et al., 2008). Oxidation of  the CL GDGTs can also 
cause either an increase or a decrease of  TEX86 values, which was 
related to enhanced preservation of  terrestrial iGDGTs of  varia-
ble composition (Huguet et al., 2009). For IPL GDGTs, however, 
the effect of  post-depositional oxidation has not yet been exam-
ined. Previous studies which observed changes in IPL-GDGT dis-
tributions in sediments have almost exclusively attributed this to 
the incorporation of  a signal from in situ produced IPL-GDGTs 
(Lipp et al., 2008; Lipp and Hinrichs, 2009; Schubotz et al., 2009; 
Liu et al., 2011). In situ production was suggested by Hoefs et al. 
(2002), who found apparently high preservation efficiency of  C16 
and C18 fatty acids which was attributed, in part, to bacterial in situ 
production in the sediment. However, evidence has emerged that 
this in situ production of  IPL-GDGTs may effectively be quite 
low (Takano et al., 2010; Lin et al., 2012; Xie et al., 2013), except 
for in settings with high activity such as sulfate-methane transi-
tion zones, and thus unlikely to cause a substantial change in IPL 
GDGT distributions.Here, we investigate the long-term (~10 kyr) 
effects of  post-depositional oxygen exposure on the distribution 
of  IPL GDGTs and CL GDGTs in the f-turbidite of  the MAP 
(Buckley and Cranston, 1988). We analyzed CL GDGT and IPL 
GDGT concentrations and the respective TEX86, BIT and MBT/
CBT values of  a fresh sediment core MAP-4 from the unoxidized 
f-turbidite, the overlying oxidized hemipelagic sediments, and the 
overlying unoxidized e-turbidite. The stratigraphic borders be-
tween these depositional units were obtained independently using 
a combination of  grain-size analyses and statistical clustering of  
the inorganic sediment compositions. The results were used to 
examine the sources and degradation of  IPL GDGTs and their 
effect on GDGT based indices.
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Figure 1. Structures of GDGTs. Isoprenoid CL GDGTs (a), branched CL GDGTs (b) and measured IPL 
crenarchaeol species (c). 
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2. MaterIal and Methods
2.1 Sampling 
The core (MAP-1) was taken during cruise JCR209 onboard the 
R/V James Clark Ross in September 2007 using a piston corer. 
Sampling location was the MAP in the eastern North Atlantic at 
31° 26.8’N 024° 48.8’W in the proximity of  well-studied turbidite 
deposits (De Lange, 1992; Cowie et al., 1995; Prahl et al., 1997; 
Cowie et al., 1998; Hoefs et al., 2002; Huguet et al., 2008; Huguet 
et al., 2009). The f-turbidite is a > 140 kyr old, ca. 4 m thick, OM 
rich turbidite at ca. 10-12 mbsf, with 40-50 cm oxidized sediment 
on top of  the unoxidized turbidite, equivalent to ca. 10 kyr of  oxi-
dation (Buckley and Cranston, 1988). It was labeled “f ” (Weaver 
and Kuijpers, 1983; Weaver et al., 1989) for being one turbidite 
deposit in a series of  such deposits of  varying OM content. Based 
on these studies, the f-turbidite was expected at ca. 10 m core 
depth at our coring location. The recovered core (ca. 12 m) was 
cut in half  and inspected visually for differences in sediment color 
and type. The sections most likely containing the f-turbidite were 
sub-sampled at 2-20 cm resolution from 9 to 12 m on board the 
ship. Samples were stored in geochemical bags and kept frozen at 
-20 °C until analysis.
 
2.2 Particle size analysis  
Samples (29) from 9 to 12 m were analyzed for particle size distri-
bution, after isolation of  the terrigenous fraction (cf. McGregor et 
al. 2009). For removal of  organic carbon (OC) and CaCO3, ca. 500 
mg sediment were boiled in 10 ml 35% H2O2 until reaction ceased 
and excess H2O2 disintegrated to H2O and O2, then in 10 ml of  
10% HCl for 1 min to remove the CaCO3 and diluted 10 x (twice 
each time) with H2O to neutral pH. Immediately prior to particle 
size analysis, the OM-free, and CaCO3-free sediment was boiled 
with 300 mg Na4P2O7.10H2O to ensure particle disaggregation. 
The particle size of  the non-soluble fraction was analyzed in de-
gassed H2O using a Beckmann-Coulter Laser Particle Sizer LS230 
which measures particle size from 0.04 – 2000 µm and describes 
them within 116 size classes.  
2.3 Total OC (TOC) content 
Freeze-dried and homogenized sampless were analyzed for TOC 
content. An aliquot of  freeze-dried sediment was decalcified 
(overnight, 2N HCl) and washed with bidistilled H2O, which was 
removed by freeze drying. TOC was measured with a Flash EA 
1112 Series (Thermo Scientific) analyzer coupled via a Conflo II 
interface to a Finnigan Deltaplus mass spectrometer. It is reported 
as the average of  duplicate measurements, with a standard devia-
tion ≤ 0.2% of  TOC.
2.4 X -ray fluorescence (XRF) core-scanning and statistical analysis
The inorganic composition of  the sediments was analyzed using 
a Avaatech XRF core scanner (Tjallingii et al., 2007), which uses 
energy-dispersive fluorescence radiation to measure composition 
as element intensities in counts s-1 in a non-destructive way. Loose-
ly packed samples were prepared by pressing ca. 4 g freeze dried 
powder into a sample cup without additional binder and covering 
them with SPEXCerti Ultralene® foil. Measurements were con-
ducted at 10 and 30 kV using a count time of  10 s, which acquired 
intensity data for 13 elements (Al, Ca, Cl, Fe, K, Mn, S, Si, Ti, Br, 
Rb, Sr, Zr). The 30 kV run was performed in combination with a 
Pd thin filter to suppress the background radiation that originates 
from the primary X-ray source and increases at higher source 
power. The element intensities provided by XRF core scanning 
represent the counts rates of  each individual element after inte-
gration of  the measurement time. Element intensities measured 
on dry powder material are primarily related to element concen-
trations (Tjallingii et al., 2007). However, matrix absorption- and 
enhancement-effects might potentially bias element intensity data, 
whereas log-ratios of  element intensities are linearly related to 
log-ratios of  element concentrations (Weltje and Tjallingii, 2008). 
Therefore, log-ratios of  element intensities provide the most eas-
ily interpretable signals in terms of  relative changes in chemical 
composition.
Objective identification of  the main stratigraphic boundaries in 
core MAP-4 was accomplished using a statistical clustering ap-
proach of  the total data set acquired by XRF core scanning. To 
provide statistically significant stratigraphical boundaries, a cen-
tered log-ratio transformation was applied to describe the variance 
of  all measured 13 elements. This transformation has been shown 
to convert compositional data into a statistically meaningful co-
variance matrix free of  closed-sum effects (Aitchison, 1981). Cen-
tered log-ratios (CLRs) are expressed as CLRi = ln[Ii/g], where I 
is the intensities of  an individual element i, and g is the geomet-
ric mean of  all 13 element intensities. Subsequently, a principal 
component analysis of  the CLR matrix indicates that the first two 
principal components explain 78.8 % of  the total variance. The 
distribution of  the principal-component scores (Fig. 2a) clearly 
resolves several subpopulations. Four statistically meaningful 
clusters were identified by K-mean clustering of  the CLR matrix, 
which is a standard routine in the open source software PAST.
2.5 Lipid extraction and IPL/CL separation
Lipids were extracted with a modified Bligh-Dyer extraction 
method (Bligh and Dyer, 1959) as described by Lengger et al. 
(2012a). One aliquot of  the extract was used directly for analysis 
of  IPL GDGTs via liquid chromatography-electrospray ioniza-
tion-tandem mass spectrometry HPLC-ESI-MS2 and another for 
separation of  IPL GDGTs from CL GDGTs over a SiO2 column 
according to Pitcher et al. (2009) except that the first eluent was 
adjusted to hexane/ethylacetate 1:2 (v/v) to minimize carry-over. 
To both the IPL and the CL fraction, 0.1 µg of  internal GDGT 
standard C46 was added (cf. Huguet et al., 2006). The IPL fraction 
was hydrolyzed under reflux in 5% methanolic HCl to give the 
IPL derived GDGTs, which were extracted 3 x from the aque-
ous phase with dichloromethane (DCM; cf. Pitcher et al., 2009). 
CL- and IPL-derived GDGT concentrations were analyzed via 
HPLC-APCI-MS and peak areas were normalized to the internal 
standard. The standard was corrected for the difference in relative 
response to crenarchaeol using a C46/crenarchaeol 1:1 (wt.:wt.) 
mixture.  IPL fractions were tested for carry-over of  CL GDGTs 
by analysis of  a small amount before hydrolysis by HPLC-APCI-
MS. Carry over was typically below 2% of  the CL and below 20% 
of  the IPL-derived GDGTs. IPL-derived amounts represent the 
concentrations measured after hydrolysis and corrected for the 
carry-over. 
2.6 HPLC-APCI-MS and HPLC-ESI-MS2
CL- and IPL-derived GDGTs were analyzed as described by 
Schouten et al. (2007). TEX86  values and the corresponding SST 
estimates were calculated according to the TEXH86 calibration of  
Kim et al. (2010) and typically show a standard deviation < 0.02 
TEX86. CBT and MBT values, and derived temperature values, 
were determined according to Weijers et al. (2007). HPLC-ESI-
MS2 in selected reaction monitoring (SRM) mode as described by 
Pitcher et al. (2011a) , using conditions modified from Sturt et al. 
(2004), was used to analyze selected IPL GDGTs. Those moni-
tored were MH crenarchaeol, DH crenarchaeol and HPH crenar-
chaeol. The latter was detected just above detection limit and was 
therefore not quantified. Due to a lack of  standards, the results 
are reported as arbitrary area unit (aau). Signal stability was moni-
tored using a lipid extract of  Candidatus Nitrososphaera gargensis 
(Pitcher et al., 2010) that was injected every 8 runs. Quantification 
of  IPL concentration was done based on results from prepara-
tive HPLC. In order to determine concentration in ng per gram 
sediment dry wt. ng . (g sed dw)-1, the average MS response peak 
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area measured for the unoxidized sediment (1111.5 cmbsf, 1136.5 
cmbsf, 1147.5 cmbsf, 1161.5 cmbsf) was divided by the actual 
concentration of  crenarchaeol obtained after  hydrolysis of  the 
semi-preparative HPLC fraction of  the individual crenarchaeol-
IPL (see below), which gave a correction factor (8.0 . 10-5 ng . aau-1 
for MH crenarchaeol and 1.3 . 10-5 ng . aau-1 for DH crenarchaeol), 
allowing us to determine the concentration from the SRM peak 
areas. All concentrations given are as (g sed dw)-1.   
2.7 Semi-preparative HPLC
To isolate IPL GDGTs, semi-preparative HPLC was used as de-
scribed by Schouten et al. (2008) and Lengger et al. (2012b). A 
mixture of  the extracts from four samples (1111.5 cmbsf, 1136.5 
cmbsf, 1147.5 cmbsf, 1161.5 cmbsf) of  0.7 g sediment each of  
the unoxidized f-turbidite, was separated using an Agilent (San 
Jose, CA, USA) 1100 series LC instrument with an Inertsil diol 
column (250 x 10 mm; 5 µm; Alltech Associates Inc., Deerfield, 
IL) at  3 ml . min-1 and identical mobile phase and gradient  as for 
intact polar lipid LC-MS2 analysis (see above and Pitcher et al., 
2011a). Fractions (3 ml) were collected and measured with flow 
injection analysis using ESI-MS2 in SRM mode under the same 
conditions as for analytical SRM, monitoring the same transitions. 
The solvent was 60% A [hexane/isopropanol/HCO2H/14.8M 
NH3 aq.(79/20/0.12/0.04, v/v/v/v)] and 40% B [isopropanol/
water/HCO2H/14.8 M NH3 aq. (88/10/0.12/0.04, v/v/v/v)]. 
The fractions containing MH GDGTs were combined, as well as 
the DH GDGTs. No other IPL-GDGTs were present in detect-
able amounts. Fractions were acid-hydrolyzed and the MH- and 
DH-derived GDGTs were analyzed via HPLC-APCI-MS as de-
scribed above. 
3. results and dIscussIon
3.1 Sedimentology and stratigraphy
The stratigraphy of  the core section between 1162 and 905 cmbsf  
was established using TOC, grain-size distributions of  the litho-
genic sediment fraction, and the bulk inorganic sediment compo-
sition obtained by XRF core scanning (Fig. 2b). Over this interval, 
TOC concentrations vary from 0.3 to 2.6 %. High concentrations 
(avg. 2.6 ± 0.08%) are found between 1162 and 1111.5 cmbsf  
above which values drop abruptly to around 0.3%. The TOC 
concentrations remain low between 1100 and 1024.5 cmbsf, but 
increase again to 1.1-1.8% above this interval (Fig. 2b). This pat-
tern of  TOC concentrations is typical for the transition between 
two turbidites that, based on their stratigraphic depth, correspond 
with the transition from the unoxidized and oxidized f- and the 
unoxidized e-turbidite, respectively (cf. Weaver and Kuijpers, 
1983; Buckley and Cranston, 1988; Weaver et al., 1989). Based on 
the TOC profile the boundary between the oxidized and unoxi-
dized part of  the f-turbidite was set at ca. 1105 cmbsf.
Grain-size distributions with a uniform mean modal size (MMS) 
of  5.8 µm are found up to 1070.5 cmbsf, followed by a slight de-
crease to 3.3-4.0 µm between 1070.5 and 1044.5 cmbsf  (Fig. 2b). 
The core interval between 1034.5 and 1019.5 cmbsf  reveals a sub-
stantial increase of  the MMS to 16-20 µm, which decrease again 
to 4.4 µm at and above 999.5 cmbsf. The strong MMS increase 
between 1034.5 and 1019.5 cmbsf  corresponds with a similar in-
crease of  bulk sediment ln(Ti/Al) ratios. Off  NW-Africa, the joint 
variability of  grain size and sediment compositions reveals that 
Ti/Al ratios correspond with relative variation of  the lithogenic 
silt and clay fractions (Bloemsma et al., 2012). 
Statistical clustering of  the XRF data (Fig. 2a) reveals four strati-
Figure 2. Results of the PCA and clus-
tering analysis of XRF core scanning 
data. (a) Bi-plot of PC1, PC2 and the in-
dividual chemical elements. (b) Depth 
profiles of TOC, mean modal grain size 
(MMS) and ln(Ca/Si), ln (Ti/Al) and ln(Br/
Ti). 
TOC [%]
0.0 0.5 1.0 1.5 2.0 2.5 3.0
D
ep
th
 [c
m
bs
f]
MMS [mm]
0 5 10 15 20 25
1
4
1
2
3
Unoxidized 
f-turbidite
Oxidized 
f-turbidite
Hemipelagic
sediment
Base of 
e-turbidite
e-turbidite
Mixing
Cluster Section
ln (Ca/Si)
0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
Cluster 4
Cluster 3
Cluster 2
Cluster 1
900
950
1000
1050
1100
1150
1200
ln (Ti/Al)
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4
)
%3.22( 2
C
P
PC1 (56.5%)
Al
Ca
Cl FeK
Mn
S
Si
Ti
Br
Rb
Sr
Zr
Cluster 4
Cluster 3
Cluster 2
Cluster 1
ln(Br/Al)
-0.8 -0.6 -0.4 -0.2 0.0
b
a
S .  K .  L e n g g e r  e t  a l .  /  O r g a n i c  G e o c h e m i s t r y  6 5  ( 2 0 1 3 ) ,  8 3  -  9 3
graphic boundaries that relate to variations of  the lithogenic grain 
size as well as changes of  the sediment composition. The first 
stratigraphic boundary is indicated by a strong reduction of  TOC 
content and a simultaneous drop of  ln(Br/Al) values, which is 
indicative from the boundary between the unoxidized and the 
oxidized part of  the f-turbidite. However, it is unclear if  the 
compositional changes at this boundary are related to grain-size 
variations due to the lack of  grain-size data for this interval. The 
stratigraphic boundary between clusters 2 and 3 mainly results 
from a relative increase in siliciclastic sediments as indicated by 
reduced ln(Ca/Si) values, whereas TOC concentrations and the 
MMS remain constant. Low TOC concentrations at the oxidized 
part of  the f-turbidite result from degradation of  OM and are also 
characteristic for hemipelagic sediments. The boundary between 
the oxidized upper part of  the f-turbidite and hemi-pelagic sedi-
ments is commonly revealed as a bioturbated mixing interval of  
several cm thick (Buckley and Cranston, 1988). Mixing over this 
transition is also reflected by the alternation between cluster 2 and 
3 around this boundary (Fig. 2b). The base of  the e-turbidite was 
clearly identified from the abrupt increase in MMS and ln(Ti/Al) 
values at 1044.5 cmbsf, and marks the boundary between clusters 
3 and 4 (Fig. 2b). Turbidites are characterized by a coarse-grained 
and well sorted base overlain by an upward fining sequence that 
follow a sequence of  depositional changes during and after these 
events (Bouma, 1962). Fine-grained sediments with higher TOC 
concentrations overlie these relatively coarse-grained sediments. 
These sediments represent the unoxidized e-turbidite and are in-
dicated by an identical sediment composition as cluster 1. Since 
we want to investigate the impact of  post-depositional oxidation 
on IPL-degradation and the TEX86, we analyzed IPL GDGTs and 
CL GDGTs from 1162 to 1076 cmbsf  depth, representing the 
unoxidized and oxidized f-turbidite without the interference from 
hemipelagic sedimentation. 
3.2 Oxic degradation of  brGDGTs – CL and IPL
BrGDGTs were present in low concentration relative to iGDGTs, 
as commonly observed in open marine sediments (Schouten et al., 
2013 and references therein). In the oxidized part of  the turbidite 
deposit, the concentration decreased by two orders of  magnitude, 
i.e. from 87 to 3.8, and 26 to 0.9 ng . (g sed dw)-1 for the CL 
fraction and the IPL fraction, respectively (Fig. 3a, b; Table 1). 
These changes occurred gradually (Fig. 3a, b). Based on the con-
centrations, we could calculate the apparent (i.e. assuming no in 
situ production) preservation efficiency of  individual GDGTs, i.e. 
the concentration of  a GDGT in the oxidized part of  the turbidite 
(avg. 1076.5 to 1095.5 cmbsf) as a proportion (%) of  the average 
concentration in the unoxidized part (avg. of  1111.5 to 1161.5 
cmbsf; cf. Sinninghe Damsté et al., 2002; Hoefs et al., 2002). The 
apparent preservation efficiency was 4.4 % for CL- and 3.5 % for 
IPL-derived brGDGTs, less than reported by Huguet et al. (2008), 
who found 8% of  the CL brGDGTs preserved in the sediment 
which had been subjected longest to oxic conditions. For compari-
son, the apparent preservation efficiency of  TOC was 10% (20% 
in the f-turbidite of  Huguet et al., 2008). This suggests that the 
oxidized interval analyzed by Huguet et al. had been less exposed 
to oxic conditions, although the interval of  oxidized sediment ex-
amined here was of  the same thickness (20 cm). 
In general, brGDGTs are assumed to derive from terrestrial 
sources, mainly soil OM (e.g. Hopmans et al., 2004; Weijers et al., 
2009; Peterse et al., 2011; Smith et al., 2012). However, brGDGTs 
have been shown to be also produced in situ in small amount 
in marine sediments (Peterse et al., 2009, Zhu et al. 2011). In-
deed, their presence in the IPL-derived fraction could indicate that 
they are, in part, produced in situ. For the turbidite deposits, this 
could mean that the brGDGTs were either produced in situ in the 
original shelf  sediments or that they were produced after depo-
sition of  the turbidites on the abyssal plain. In order to obtain 
clues about their origin, we determined the MBT and CBT values 
for the CL GDGTs. Unfortunately, this was not possible for the 
IPL fraction due to their low abundance and limited amount of  
material. Interestingly, the CBT value from CL brGDGTs in the 
unoxidized section was relatively low (0.01-0.03; Fig. 3c), corre-
sponding to a relatively high pH of  8.8, using the Weijers et al. 
(2007) calibration. Since the pH of  African soils is typically much 
lower (<8; Weijers et al., 2007) it suggests that these brGDGTs 
are produced in situ in marine sediments (cf. Peterse et al., 2009) . 
The MBT values for the unoxidized turbidite were 0.28-0.29 (Fig. 
3d), and the MAT calculated from MBT/CBT using the Weijers 
et al. (2007) calibration was relatively low, i.e. 8.2 – 8.4 °C (Fig. 
3e). Since MAT values on the African continent are much higher 
(>~10 °C), this is also consistent with a dominant origin of  these 
CL brGDGTs from in situ production in the sediment rather than 
soil OM. These in situ produced brGDGTs could be produced al-
ready at the continental shelf, before the sediment was transported 
to the abyssal plain and deposited as a turbidite, or after deposi-
tion. This latter possibility is, however, not consistent with the 
large changes in the distribution of  the brGDGTs. In the oxidized 
turbidite deposits, the brGDGT distribution gradually changed 
to give a higher CBT value (0.3, corresponding to pH 7.9) and a 
higher MBT (0.35-0.45), resulting in higher calculated MAT (9-13 
°C). In combination with the observed substantial decrease in the 
concentration of  the brGDGTs (Figs. 3ab), this suggests that the 
CBT and MBT values changed due to preferential preservation of  
brGDGTs with a different provenance., i.e. soil OM (cf. Huguet 
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et al., 2008). These terrestrial GDGTs would likely be character-
ized by higher CBT and MBT values, reflecting a lower pH and 
higher MAT, as they would be derived from subtropical north-
western African soils. Therefore, the compositional differences in 
CL brGDGTs between the oxidized and unoxidized part of  the 
f-turbidite can be explained by selective preservation of  terres-
trial vs. marine brGDGTs.  Such an enhanced preservation could 
be due to better protection by the inorganic soil matrix in which 
they are embedded (Keil et al., 1994). Terrestrial OM, having en-
dured long-distance transport, is exposed to oxic degradation over 
a longer time than marine material and the remaining compounds 
are therefore relatively well protected from degradation. This was 
defined by Middelburg (1989) as a lower “initial reactivity” of  the 
terrestrial OM. 
Intriguingly, the IPL-derived brGDGTs were preserved to an al-
most similar degree as the CL-derived brGDGTs (Table 1). This 
seems irreconcilable with the idea that IPL GDGTs are more la-
bile than CL GDGTs and would suggest a similar degree of  pres-
ervation of  IPL-derived GDGTs than CL GDGTs. To investigate 
the provenance of  these GDGTs, we also determined their distri-
bution. However, as the concentration of  many of  the GDGTs 
was too low for accurate determination of  MBT and CBT values, 
we used the fractional abundance of  the dominant GDGTs, i.e. 
brGDGTs I, II and III. The fraction of  brGDGT I, fbrGDGT I (i.e. 
the concentration of  brGDGT I divided by the sum of  brGDGTs 
I, II and III; for structures see Fig. 3b), was used as an indicator 
of  distributional change. The fbrGDGT I of  the IPL-derived GDGTs 
shows no substantial change between the unoxidized and oxidized 
part ,in contrast to the CL GDGTs (Fig. 3e). This, together with 
the high apparent preservation efficiency, suggests that most of  
the IPL brGDGTs, particularly those in the oxidized part, have 
been produced in situ. The fact that in the CL GDGT fraction 
a strong change in distribution is observed, suggests that the in 
situ produced brGDGTs, forming <5% of  CL GDGTs, did not 
have a major impact on CL GDGT distributions. This may be 
due to the relatively low production rates of  these compounds 
in the marine environment (i.e. BIT values in open marine sedi-
ments are nearly always <0.1; Schouten et al., 2013) and possibly 
the relatively rapid degradation of  in situ produced IPL GDGTs 
compared to fossil GDGTs (cf. Lengger et al., 2012b).
3.3 Oxic degradation of  iGDGTs, CL and IPL
In the unoxidized section of  the f-turbidite, CL iGDGT concen-
tration was between 4 and 6 µg . (g sed dw) -1 for the most abun-
dant GDGTs, i.e. GDGT-0 and crenarchaeol, with lower amounts 
of  the minor iGDGTs used for determination of  TEX86, i.e. their 
summed concentration was 1.5-1.7 µg . (g sed dw) -1 (Fig. 4a; Table 
1). IPL-derived GDGTs had a much lower concentration, from 
0.1-0.2 µg. (g sed dw)-1 for GDGT-0 and crenarchaeol and 0.5 and 
1.0 mg . (g sed dw)-1 for the minor iGDGTs (Fig. 4b; Table 1). In 
the oxidized part, the concentration decreased by two orders of  
magnitude, i.e. to 13 ng . (g sed dw)-1 for CL GDGT-0 and crenar-
chaeol, and 4 ng . (g sed dw)-1 for the sum of  the minor iGDGTs 
(Fig. 4).Concentrations of   IPL-derived iGDGTs were also re-
duced in the oxidized section by at least two orders of  magnitude. 
Concentration in the oxidized part was 2.4 and 0.6 ng. (g sed dw)-1 
for crenarchaeol and GDGT-0, and 0.5 and 1.0 ng . (g sed dw)-1 
for the minor iGDGTs. These changes initially occurred abruptly 
and then more gradually over the first 10 cm of  the oxidized part 
of  the turbidite (Fig. 4). 
The apparent preservation efficiency for CL iGDGTs was 0.25-
0.31% and 0.49-2.2% for IPL-derived iGDGTs, substantially low-
er than for TOC and brGDGTs (Table 1). These results are simi-
lar to those reported by Huguet et al. (2008) for the f-turbidite, i.e. 
the branched CL GDGTs were preserved more efficiently than 
the CL iGDGTs (0.2% for crenarchaeol vs. 7% for brGDGTs in 
Huguet et al., 2008). This is likely due to the larger terrestrial con-
tribution to brGDGTs than to iGDGTs. Surprisingly, the appar-
ent preservation efficiencies were slightly higher for IPL-derived 
iGDGTs than for CL iGDGTs, though still substantially lower 
than for TOC and with a considerable standard deviation (Table 
1). Most likely, the same explanation as for IPL-derived brGDGTs 
can be applied here, i.e. in situ production of  a small amount of  
IPL iGDGTs in the oxidized sediment by sedimentary aerobic 
Thaumarchaeota. These likely function via aerobic oxidation of  
ammonium (Könneke et al., 2005; Wuchter et al., 2006b; de la 
Torre et al., 2008; Walker et al., 2010; Tourna et al., 2011), formed 
from the break-down of  OM when O2 was penetrating into the 
sediments. 
To examine the oxic degradation and potential production of  indi-
vidual IPL iGDGTs, we performed direct analysis of  IPL crenar-
chaeol. Analysis of  the unoxidized sediment showed the presence 
of  two main intact polar lipid species, MH crenarchaeol and DH 
crenarchaeol, while no HPH crenarchaeol was detected. This dis-
tribution is different from the distribution in cultures, where HPH 
crenarchaeol is always present (Schouten et al., 2008; Pitcher et 
al., 2010; Pitcher et al., 2011b; Sinninghe Damsté et al., 2012) but 
is similar to that of  IPLs in deeper marine sediments (Biddle et 
al., 2006; Lipp and Hinrichs, 2009). The absence of  HPH crenar-
chaeol is probably due to the greater lability of  this IPL GDGT, 
as shown for Arabian Sea sediments, where degradation at the 
surface occurred within a few cm (Lengger et al., 2012b). This was 
also predicted from results of  theoretical modeling (Schouten et 
al., 2010, Xie et al. 2013) . As direct quantification is not possible 
via SRM due to the lack of  authentic standards, we used semi-
preparative HPLC of  a composite sample of  the unoxidized sedi-
BrGDGTs GDGT-0 Crenarchaeol Minor iGDGTs
CL 
Unoxidized 87.3  ± 9.0 4360 ± 230 5540 ± 320 1621 ± 90
Oxidized 3.83 ± 1.1 13.5 ± 3.3 13.7 ± 4.0 4.13 ± 1.2
IPL-derived
Unoxidized 26.3 ± 3.4 110 ± 27 111 ± 20 99 ± 8.7
Oxidized 0.9 ± 0.7 2.4 ± 1.0 0.6 ± 0.6 0.5 ± 0.1
%IPL-derived of total
Unoxidized 23 2.5 2.0 5.8
Oxidized 19 15 3.8 11
Apparent preservation efficiency (%)
CL 4.4 0.31 0.25 0.25
IPL 3.5 2.2 0.49 0.52
Table 1. Average concentration in oxidized and unoxidized part of the turbidite and apparent preservation efficiency 
(concentration in the oxidized section divided by concentration in unoxidized section) for the CL- and IPL-derived 
GDGTs (concentrations for CL is in ng per g sediment dry wt.). 
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ment to isolate the MH GDGT and DH GDGT fractions, which 
were hydrolyzed after which the derived GDGTs were quantified 
through comparison with an internal standard. The results were 
then used for indirect quantification of  the other turbidite sam-
ples (see section 2.6). The MH crenarchaeol and DH crenarchaeol 
concentrations in the unoxidized sediments showed little variation 
(ca. 80 ng . (g sed dw)-1 for MH crenarchaeol and ca. 10 ng . (g 
sed dw)-1 for DH crenarchaeol) but were substantially lower in the 
oxidized turbidite (avg. 1.0 and 0.01 ng . (g sed dw)-1 respectively; 
Table 2; Fig. 5). 
 DH crenarchaeol exhibited a lower apparent preservation efficien-
cy than CL-crenarchaeol, suggesting it was more labile, as would 
be expected for an IPL. In contrast, the apparent preservation ef-
ficiency of  MH crenarchaeol (1.3%) was substantially higher than 
that of  DH crenarchaeol (0.1%) and was also higher than that of  
CL- and IPL-derived crenarchaeol. The reason for the high appar-
ent preservation efficiency of  MH crenarchaeol could be greater 
stability than for DH crenarchaeol and CL crenarchaeol. Howev-
er, this seems unlikely as functionalized compounds is likely more 
readily degradable than CL GDGTs. It is also possible that MH 
crenarchaeol is partially derived from DH crenarchaeol which, if  
only one hexose group is cleaved off, produces MH crenarchaeol. 
Another possibility is that MH crenarchaeol is produced in situ by 
aerobic Thaumarchaeota, as discussed above. This production of  
MH crenarchaeol in the oxidized part of  the sediment, would then 
lead to a smaller than expected decrease in the amount of  MH 
crenarchaeol. However, it would also imply that these sedimentary 
Thaumarchaeota would only produce MH crenarchaeol and no 
substantial amounts of  DH and HPH crenarchaeol. This seems 
unlikely as sedimentary and soil Thaumarchaeota in enrichment 
cultures (Pitcher et al., 2011b; Sinninghe Damsté et al., 2012) and 
in surface sediments (Lengger et al., 2012) do synthesize GDGTs 
with MH , DH  and HPH head groups. Alternatively, part of  the 
MH crenarchaeol, and, to a minor extent, DH crenarchaeol, could 
also stem from a terrestrial source, resulting in enhanced preser-
vation as discussed above for the brGDGTs. If  so, soil Thaumar-
chaeota would produce more MH crenarchaeol than DH crenar-
chaeol, in contrast to results reported from enrichment cultures 
(Sinninghe Damsté et al., 2012) and to the presence of  MH , DH 
and HPH crenarchaeol in riverine SPM from the River Amazon 
(Zell et al., 2013). Nevertheless, there has been no quantitative 
detailed survey of  IPL GDGTs in terrestrial OM or riverine SPM, 
so it is difficult to evaluate this hypothesis. Thus, a combination 
of  in situ produced IPL GDGTs, and the preferential degradation 
of  marine vs. terrestrial OM, may be the cause of  the apparent 
enhanced preservation of  MH crenarchaeol in the oxidized part 
of  the sediment. 
3.4 Effect of  post-depositional oxidation on MBT/CBT, BIT index and 
TEX86 proxies
As stated above, the MBT/CBT proxy is affected by post-depo-
sitional oxidation and values change for the CL GDGTs to, pre-
sumably, more terrestrial values (Fig. 3g). The BIT index increased 
strongly with increasing level of  oxygen exposure, from on aver-
age of  0.01 for the CLs in the non-oxidized section to 0.2 in the 
oxidized section and from 0.1 in the non-oxidized sediment to as 
high as 0.5 for the IPL-derived GDGTs in the oxidized part (Fig. 
6a, b). The results for the core lipids agree with those reported 
by Huguet et al. (2008). Over the oxidized section, a gradual in-
crease in BIT index is observed, associated with the decrease in 
concentration, indicating that the increase in BIT only occurs 
upon substantial degradation. Intriguingly, the effect is stronger 
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for the IPL-derived BIT (increase by 0.6 units) than for the CL- 
derived BIT (increase by 0.3 units). The higher BIT value for IPL-
derived GDGTs could be due to either enhanced preservation of  
brGDGTs over crenarchaeol, or to enhanced in situ production 
of  brGDGTs over iGDGTs in the oxidized part of  the turbidite, 
as discussed above. 
The TEX86 values for the CL GDGTs showed hardly any change 
upon oxidation, despite the large drop in concentration of  CL 
iGDGTs (Fig. 6c), and were always lower than the TEX86 values 
for the IPL iGDGTs (0.53; Fig. 6d). This partially agrees with the 
results obtained by Huguet et al. (2009), who observed an increase 
in TEX86 in the f-turbidite upon oxidation, but not for all the 
other turbidite deposits examined (ibid.). In contrast to the CL 
fraction, TEX86 for the IPL-derived fraction decreased strongly 
upon oxidation, by ca. 0.07 from 0.64 to 0.57. Apart from in 
situ production, another reason why the TEX86 for IPL-derived 
GDGTs changed could be the observed apparent preservation of  
the MH GDGTs vs. the DH GDGTs as discussed above (Fig. 
5). It has been shown that the ring distribution and, thus TEX86 
from IPLs, varies with head group in thaumarchaeal cultures and 
marine sediments (Sinninghe Damsté et al., 2012; Lengger et al., 
2012b). In order to examine the impact differential degradation 
could have on TEX86, MH GDGT and DH GDGT fractions were 
isolated via semi-preparative HPLC from a combined sample of  
the unoxidized f-turbidite. Other IPLs might have been present 
in minor amounts in the IPL fraction, but the similarity of  the 
summed amount of  MH- and DH-crenarchaeol in the unoxidized 
sediment [90 ng . (g sed dw)-1] to the average amount of  IPL-
crenarchaeol measured in the unoxidized sediment [110 ng . (g 
sed dw)-1] suggested that they represent the main IPL GDGTs. 
The TEX86 value was 0.55 for the MH GDGTs and 0.70 for the 
DH GDGTs (Table 2), with a weighted average value of  0.64. 
This is consistent with results from thaumarchaeal cultures, which 
showed that MH GDGTs and HPH GDGTs had a greater con-
tribution from GDGT-1, while DH GDGTs consisted mainly of  
GDGT-2, -3 and -4 (Schouten et al., 2008; Pitcher et al., 2011b; 
Sinninghe Damsté et al., 2012). Considering the substantial dif-
ferences in TEX86 values from MH GDGTs and DH GDGTs 
(0.15), the proportional decrease in DH GDGTs vs. MH GDGTs 
in the oxidized part of  the turbidite (Fig. 5; Fig. 6), should result 
in a shift in TEX86. 
To test our hypothesis, we calculated the theoretical TEX86 val-
ues based on the concentration of  MH-derived and DH-derived 
GDGTs, measured using prep-HPLC, for the unoxidized tur-
bidite (GDGTMH and GDGTDH, respectively) and the proportion 
of  MH crenarchaeol vs. the sum of  MH crenarchaeol and DH 
crenarchaeol, fMH, as determined from SRM measurements. Using 
Eq. 1, a decrease in TEX86 from 0.64 to 0.56-0.57 upon oxidation 
is predicted due to the changing proportion of  MH GDGTs vs. 
DH GDGTs (Fig. 7), which is similar to the measured IPL-derived 
TEX86 values (Fig. 5; Table 2). Thus, the change in IPL-derived 
TEX86 could be due to the larger apparent preservation efficiency 
of  MH GDGTs vs. DH GDGTs.
Apparently, the degradation and in situ production of  IPL GDGTs 
has no influence on TEX86 from CL GDGTs. This suggests that 
IPL GDGTs potentially produced in situ are degraded completely 
and do not accumulate as CL GDGTs. Furthermore, the amount 
of  IPL iGDGTs is small vs. the respective CL iGDGTs (3-6% in 
the unoxidized sediment, Table 1). It is thus likely that the IPL 
GDGTs are present in too small an amount to significantly influ-
ence TEX86 of  CL iGDGTs, which is the value ultimately used for 
paleotemperature estimation.
 
4. conclusIons
Both CL and IPL GDGTs were strongly degraded upon post-dep-
ositional oxidation of  the organic-rich f-turbidite from the Ma-
deira Abyssal Plain. Degradation patterns revealed that terrestrial 
GDGTs were relatively better preserved, while marine GDGTs 
seemed to be relatively more labile, resulting in changes in the 
BIT index upon oxidation, in line with previous studies. Surpris-
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ingly, some IPL-derived GDGTs appeared to be better preserved 
upon oxidation than CL GDGTs. Similarly, the directly measured 
IPL, MH crenarchaeol, was apparently preserved better than CL 
crenarchaeol. This apparent preservation of  some IPL-GDGTs 
is likely due to a combination of  enhanced preservation of  ter-
restrial versus marine GDGTs as well as some minor in situ pro-
duction. Since MH GDGTs showed lower TEX86 values than DH 
GDGTs, the apparent preferential preservation resulted in chang-
es in TEX86 for the IPL-derived GDGTs. However, the TEX86 
from CL GDGTs, ultimately used in paleotemperature estimation, 
was not affected by post-depositional oxidation, most likely due to 
the small amount of  IPL GDGTs vs. CL GDGTs (<10%). Con-
trastingly, there was a large change in BIT values upon oxidation, 
as well as in MBT/CBT, suggesting that care has to be taken with 
the interpretation of  proxies containing brGDGTs, when they are 
present in low amount and have been exposed to post-deposi-
tional oxidation. Furthermore, our results show that progressive 
degradation can cause changes in abundance and distribution of  
IPL GDGTs in sediments due to a combination of  in situ produc-
tion and preferential preservation of  terrestrial sourced GDGTs. 
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